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Recently, the synthesis of inorganic hollow nanoparticles has Scheme 1. Fabrication of Hollow Silica Nanosphere from
attracted much attention in the chemistry and material communities 7S~PVP~PEO Micelle Template
because of their low density, large specific area, mechanical and ) <
thermal stabilities, and surface permeabilitguch hollow nano- '
particles have a wide variety of potential applications in cosmetics,
catalysis, coatings, composite materials, dyes, ink, artificial cells,
and fillers. Furthermore, their hollow structure can be used as a
microencapsulate for drugs in the pharmaceutical fiélds. — — @N
Thus, various methods, such as templating, sonochemical, and ' k
hydrothermal methods, have been reported as the procedures for
the preparation of inorganic materials with hollow spherical them possess nonuniform shapes, have a shell of an undesirable
structures. In recent years, the use of sacrificial templates to fabricatethickness, lack structure stability, and require high-temperature
such hollow spherical nanoparticles has proven success$ful. routes!®
Especially, there has been growing use of polymer nanoparticles The micelles of the PSPVP—PEO triblock copolymer has been
such as latexes and polymeric micelles because it is easy to controlvell characterized by Gohy et &6 Stepanek et al’ and our
the size, morphology, and surface functionality of the polymer group!®2! It has been shown that the micelle has a glassy and
nanoparticles. Generally, latex particles are employed for fabricating hydrophobic PS core, an ionizable hydrophilic PVP shell, and a
hollow particles with relatively larger diameters ranging from hydrophilic PEO corona. The PVP shell extends at low pt5)
submicrometers to micrometers, while polymeric micelles are used OWing to repulsive forces among the protonated PVP dfithe
for smaller hollow particles with diameters of less than one hundred addition of the anionic species into this micelle cancels the positive
nanometerg. charge of the PVP unit, resulting in a morphological change in the

Although there have been many studies of latex tempfages, PVP shell from an extended to a shrunken féfnt" These
few reported the use of templates of polymeric micelles. One of Pehaviors of the PSPVP—PEO micelle seem to be utilized to

the advantages of templates of polymeric micelles is that the size S€I€Ctively deposit the silica on the PVP block of the micelles by
and morphology of the micelles can be easily tuned by adjusting the following t\_/vo reasons: (i) the protonateq PVP block is knqwn
the block size, polymer combination, and solvent composition. The to act as an acid catalyst S|t.e. for the hydrplyglg of tetramethoxysnane
polymeric micelles so far employed havecare—corona type (TMOS), a precursor of silic&** and (ii) silica has a negative
architecture formed from AB diblock or ABA triblock copoly- chargze4 at pH 4 in order to strongly bind to t_he protonated '.D.VP
mers?-12 In these systems, the corona of the micelles acts as abIOCk' Scheme 1 shows a procgdure for fgbrlcatlng hollow silica
reservoir of the precursor of the inorganic material, and the core gﬁ?ﬁsihse_rg\s/g;g%ﬂiﬁ?hn'que combined with a template
acts as a template of the hollow. The precursor of the inorganic It should be noted that PEb is known to form crown-ether-type
material is sorbed (or adsorbed) into the corona of the micelles, complexes with the silanol groups of silica through hydrogen
and forms the shell of the hollow particle after being polymerized.

Th formi | . d b cinati h bonding?® Thus, there is a possibility that the silica precursor is
€ core-lorming polymer IS removed by ca cmatlon_or_ Other 4150 bound to the PEO corona of the template micelles. However,
appropriate techniques that leaves a void volume inside the

) . ) - such an interaction is prominent at pH 1, but weak at pH values
inorganic shell. In this method, however, the template micelles

. X ranging from 2 to 7> Therefore, we believe that silica networks
become very unstable when the precursor is sorbed into the coronag mostly grown on the PVP block of the micelle in comparison

leading to the formation of second-order or higher-order aggregates;y the PEO block.

in which two or more particles are bound to each other. PS-PVP—PEO was obtained from Polymer Source, Inc. The
To avoid the problem associated with the AB diblock and ABA  molecular weight of each block M, (PS)= 14100,M, (PVP) =

triblock copolymer micelles, we tried to use ABC triblock 12300, andvi, (PEO)= 35000.

copolymer micelles with acore—shell-corona structure as a The micelle of PSPVP—PEO was prepared according to the
template. In our system, the precursor of the inorganic material is method of Gohy et a*16 First, 0.1 g of PSPVP—PEO was
designed to be selectively sorbed into the shell in order that the dissolved in a mixture of 0.5 g water and 4.ANgN-dimethylfor-
corona is free from the precursor that keeps the micelles stable. mamide (DMF). The solution was stirred for several days until the
As the first example of our method, we now report the synthesis PS-PVP—PEO polymer was completely dissolved. The solution
of hollow silica particles templated by the micelles of poly (styrene- was then dialyzed against water to obtain the micelles effP&P—
b-2-vinyl pyridine-b-ethylene oxide) (PSPVP-PEOQ). Although PEO. The pH of the solution was adjusted to 4 with a diluted HCI
silica hollow spheres have been reported by many groups, most ofsolution (step 1 in Scheme 1). The-PBVP—PEO micellar solution

_i=ore-shel-carna
“ hype micelle
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Therefore, the size of the void volume of the hollow particles seems
to be precisely controlled by the size of the PS core when the
concentration of the TMOS precursor is high enough to construct
a strong shell wall.

In summary, we have successfully prepared a hollow silica
nanosphere with a high uniformity in size using a template of the
ABC triblock copolymer micelle with a coreshell-corona archi-
tecture. This route is simple when compared to other techniques
like the layer-by-layer method, and the shell thickness can be
controlled by changing the concentration of the inorganic precursors.
It is also suggested that the void volume of the hollow particle can
be controlled by the size of the PS core (that is, the chain length of
the PS block). The most prominent feature of this approach is that
a hollow inorganic nanosphere can be prepared by selectively
depositing the inorganic material in the targeted microcompartment
of the ABC triblock copolymer micelle.

Figure 1. TEM picture of hollow silica nanosphere prepared by templating

the PS-PVP—-PEO micelle. The concentration of the PBVP—PEO is

0.9 g/L and the molar ratio of PVP/TMOS is 1:23.

was slowly stirred for 2 days after the desired amount of TMOS

was added. The solution was then stored for 4 days without stirring

to allow the silica network to be formed by the sglel reaction

(steps 2 and 3 in Scheme 1). After the sgkl reaction was

completed, the solution was dried at 80 for several hours to

obtain a powder of the silica/P?VP-PEO composites. The

composites were heated at the rate Clmin~t and calcined in

a furnace at 500C for 4 h in air toremove the template polymer Acknowledgment. A. K. acknowledges the postdoctoral fel-
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composites Of. the silica and PEVP-PEO which was prepared Supporting Information Available: Additional TEM images of

at a molar ratio of PVP to TMOS of 1:23. Almost all the hollow 4.y jlica nanospheres. This material is available free of charge via

S|_I|ca has a sphe_rl_cal shape V\_nth smooth shell. The average OUteny o |nternet at http://pubs.acs.org.

diameter of the silica particle is 30 nm, and the average diameter

of the hollow (void space) is 11 nm. The wall thickness of the References

shell is 10 nm.

Gohy et al. measured the diameter of the PS core and thickness
of the PVP shell for the neat micelle of PEBVP—PEO with the
same block lengths as oufsAccording to them, the diameter of
the PS core is 14 nm irrespective of the pH, while the shell thickness
of the PVP block is 5.5 nm at pi# 5 and 8.5 nm at pH< 5.16
Their data well support our idea shown in Scheme 1. It is obvious
from Scheme 1 that the PS core of the-H#8/P—PEO micelle
directs the void space of the hollow silica. If we compare the
diameter of the void space of the hollow silica (11 nm) with that
of the core of the template micelle (14 nm), we realize that their
values are close to each other. The slight difference between the
two diameters implies that the hollow silica particles were shrunk
during calcination. This type of shrinkage of the hollow spheres
was observed by é%as well as by another gro&fpduring the
fabrication of hollow titania particles.

We examined the effect of the precursor concentration on the
structure of the hollow particles. We changed the molar ratio of
PVP/TMOS from 1:5 to 1:35 while keeping the concentration of
the PS-PVP-PEO constant (0.9 g/L). When the molar ratio of
PVP/TMOS was 1:5, we could not obtain a hollow silica nano-
sphere. The hollow silica was obtained if the PVP/TMOS molar
ratio was increased to 1:10 (Supporting Information, Figure S1).
However, the size of the void space and the thickness of the silica
shell are not very homogeneous as in the case of 1:23 (Figure 1).
The average values of the outer diameter, thickness of the shell,
and void diameter of the hollow silica particles are 20, 6, and 11
nm, respectively. We further increased the PVP/TMOS molar ratio
to 1:35. In this case, we obtained heavily aggregated hollow particles
as shown in the TEM images (Figure S2). The border of each
hollow particle is not distinct. The excess amount of the precursor
seems to bind several hollow spheres to form the merged particles.
It should be noted, however, that the diameter of the void space of
the hollow particles is almost constant (average value: 11 nm).
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